Cadmium sulfide (CdS) thin films were deposited by chemical bath deposition (CBD) onto polymeric composites with electric field-aligned multiwall carbon nanotubes (MWCNTs). MWCNT/polysulfone composites were prepared by dispersing low concentrations of MWCNTs within dissolved polysulfone (PSF). An alternating current electric field was "in situ" applied to align the MWCNTs within the dissolved polymer along the field direction until the solvent was evaporated. 80 m thick solid MWCNT/PSF composites with an electrical conductivity 13 orders of magnitude higher than the conductivity of the neat PSF were obtained. The MWCNT/PSF composites were subsequently used as flexible substrates for the deposition of CdS thin films by CBD. Transparent and adherent CdS thin films with an average thickness of 475 nm were obtained. The values of the energy band gap, average grain size, rms roughness, crystalline structure, and preferential orientation of the CdS films deposited onto the polymeric substrate were very similar to the corresponding values of the CdS deposited onto glass (conventional substrate). These results show that the MWCNT/PSF composites with electric field-tailored MWCNTs represent a suitable option to be used as flexible conducting substrate for CdS thin films, which represents an important step towards the developing of flexible systems for photovoltaic applications.
Introduction
Cadmium sulfide (CdS) has been widely and successfully used as a window layer for optical and photovoltaic applications [1] [2] [3] . CdS grows naturally as n-type semiconductor with an energy band gap of 2.42 eV at room temperature [4] , resulting in a desirable material for solar applications due to its optical and electrical properties. For solar cell applications, CdS thin films have been used as a window material together with several semiconductors such as CdTe, Cu 2 S, CuInSe 2 , InP, and Cu(In,Ga)Se 2 , and solar cell efficiencies between 14% and 19% have been reported [5] [6] [7] [8] [9] [10] . Several techniques have been extensively used to prepare CdS in a thin film configuration onto different substrates, such as electrodeposition [11] , chemical bath deposition [12] , spray deposition [13] , femtosecond pulsed laser deposition [14] , molecular beam epitaxy [15] , successive ionic layer adsorption and reaction [16] , screen printing [17] , close spaced sublimation [18] , RF sputtering [19] , metal organic chemical vapor deposition [20] , pulsed laser deposition [21] , and physical vapor deposition [22] , among the most relevant ones. Among these methods, the chemical bath deposition (CBD) has been demonstrated to be a suitable technique to deposit CdS thin films for large area industrial processes [23, 24] . CBD is a simple and low cost technique which does not require high vacuum conditions and, since it is a low-temperature technique (<90 ∘ C), does not limit the choice of the substrate material. It is well known that the physical and chemical properties of semiconducting thin films are highly dependent on the early stages of growth. In the same level of importance, the choice of the substrate also defines the film quality and properties. In the field of II-VI compound semiconductor deposition, Pyrex® [25] , glass [26] , quartz [14] , and silicon [27, 28] are 2 Advances in Materials Science and Engineering among the most used materials due to their availability, costeffectiveness, and inert character. Such substrates do not react with the deposited semiconductors and the surface promotes the formation of optically smooth thin films [29] . Despite the important results and presence of the semiconducting thin films deposited onto the mentioned substrates, their weight, rigidity, and fragility are the main drawbacks for more versatile and far-reaching applications in several technological fields. As an example, one of the major obstacles in the development of low cost and high efficiency solar cells is the use of glass substrates. Ordinary glass substrates have a poor thermal conductivity, making it extremely difficult to maintain a constant annealing temperature across a large area panel and to avoid thermal stresses which may cause breakage during the fabrication [30] . As a response for the mentioned challenges, the usage of flexible substrates, mainly based on polymers and metal foils, has emerged as a convenient option to deposit semiconducting thin films, offering several advantages for many technological and scientific applications [4, [29] [30] [31] [32] [33] [34] [35] . In particular, the growth of CdS onto different polymers such as polyethylene terephthalate [4, [32] [33] [34] [35] , flexible polymer-based plastic [29] , polyimide [31] , and polycarbonate [32] [33] [34] has been reported and the resulting films exhibit adequate physical properties, similar to those of the CdS films deposited onto glass. In the configuration of a thin film-based solar cell, the electrical characteristics of the substrate are of paramount importance. For insulating substrates (such as glass) a transparent conducting layer is generally deposited onto the surface of the substrate in order to generate an electrode that, together with the back conducting contact, closes up the "electrical circuit" across the solar cell allowing the usage of the induced photovoltage. However, the high temperatures required to deposit such conducting layers onto polymeric (flexible) substrates may induce damage and/or melting of the substrates as they generally have low glass transition temperatures. In recent years, polymers reinforced with carbon nanotubes (CNTs) have gained attention due to the novel and versatile properties that CNTs offer to the polymeric matrix [36] [37] [38] . It has been extensively reported that CNTs importantly modify the physical properties of the polymers when the CNTs are incorporated into the matrix to conform the polymer composites. Electrical, mechanical, and thermal properties of the composites are notoriously enhanced due to presence of CNTs, as CNTs partially transfer their physical properties to the polymeric matrix. Regarding the electrical properties, the inclusion of a very low content of CNTs within a polymer matrix (<1 wt%) promotes an increase of several orders of magnitude of the electrical conductivity compared to the conductivity of the pure polymer [39] [40] [41] . The combination of CNTs with polymers offers an attractive route not only to the development of reinforced polymer films but also to introducing new electronic properties based on morphological and electrical modifications. This represents a very convenient feature in the photovoltaic area, where the flexibility and enhanced electrical properties of the substrates become relevant requirements for an improved performance.
Here we present a study of the optical, morphological, and structural properties of CdS thin films deposited by CBD onto flexible composite substrates. Low concentrations of multiwall carbon nanotubes (MWCNTs) were incorporated into dissolved polysulfone and an alternating current (AC) electric field was "in situ" applied during the fabrication process to align the MWCNTs along the electric field direction. Polysulfone was selected as the (thermoplastic) polymeric matrix due to the combination of several high-performance properties such as high thermal stability, high toughness and strength, good environmental stress cracking resistance, high heat deflection temperature (∼174 ∘ C), and high transparency and combustion resistance [42] . These adequate characteristics for solar applications along with the capability of being dissolved in chloroform (solvent used to disperse the MWCNTs) supported the election of the mentioned polymer for this work. Solid MWCNT/PSF composites with an increased electrical conductivity were obtained by the solution casting technique and used as flexible substrates for the CdS deposition. The average values of thickness, energy band gap, grain size, rms roughness, and crystalline structure of the CdS thin films deposited onto the polymeric composites were obtained and compared to the well-known values of CdS deposited onto glass. The aim of this investigation is to demonstrate that it is possible to fabricate CdS thin films onto a CNT-based polymeric substrate by the CBD technique. The capability to deposit CdS thin films with adequate optical, morphological, and structural properties onto a flexible and electrically enhanced composite represents an important step towards the development of flexible materials for photovoltaic applications.
Materials and Methods

Fabrication and Electrical Characterization of MWCNT/
Polysulfone Composite Substrates. MWCNTs grown by chemical vapor deposition ("Baytubes C150P") were supplied by Bayer Material Science [43] . The MWCNTs have inner and outer diameters of approximately 4 nm and 13 nm, respectively, and length in the range of 1-4 m, yielding a distribution of CNT aspect ratio ranging from 80 to 300 [44] . The polymer matrix used in this work was polysulfone (PSF, "UDEL P1700") supplied by Solvay Advanced Polymers [42] . PSF is an engineering thermoplastic with high thermal stability, transparency, and low moisture absorption characteristics among the most relevant characteristics. MWCNT/PSF composite films were fabricated by solution casting using 0.5 weight percent (wt%). To fabricate the composite films, 2.5 mg of MWCNTs was dispersed in chloroform (CHCl 3 ) using an ultrasonic bath (Cole-Parmer 08895-59, 40 kHz) for 120 min (Figure 1(a) ). In a parallel process, 500 mg of PSF pellets was dissolved in 2 mL of CHCl 3 forming a viscous PSF/CHCl 3 solution (Figure 1(b) ). The PSF/CHCl 3 and MWCNT/CHCl 3 solutions were then mixed in a common beaker for 15 min (Figure 1(c) ) and the MWCNT/PSF/CHCl 3 final solution was cast onto a custom-made glass mold with aluminum electrodes for the application of an AC electric field ( Figure 1(d) ).
The AC voltage applied to the solution was 120 V rms at 60 Hz and the electrode separation was 20 mm, for an electric field of 6 kV rms /m. After the solution casting, CHCl 3 was evaporated for 24 h and the viscous solution turned into solid MWCNT/PSF films. Five samples were obtained from each batch. The direct current (DC) electrical conductivity of the samples in the direction of the MWCNT alignment was measured. DC electrical resistance of MWCNT/PSF films was measured at room temperature (25 ∘ C) with a digital multimeter (Agilent 34401A). For the measurement of the electrical resistance, two silver-painted electrodes located at the film edges of the specimen were used. The specimen length was 18 mm with 4 mm long electrodes, leaving an effective span ( ) of ∼10 mm between the silver electrodes; see Figure 2 . The specimen width was 10 mm and its nominal thickness was ∼80 m. In order to minimize surface effects in the electrical measurements, silver paint electrodes were painted completely covering the ends of the specimens. A DC voltage of 40 V was applied between the electrodes and the electrical conductivity ( ) was calculated using the measured electrical resistance ( ) and the specimen dimensions as
where is the cross-sectional area of the specimen.
Deposition of Cadmium Sulfide by Chemical Bath Deposition.
MWCNT/PSF specimens with a surface area of 1 cm × 1 cm were used as substrates for the CdS deposition by CBD. As a first step, the substrates were cleaned following a protocol which includes washing steps with liquid soap and isopropyl alcohol, ultrasonic agitation, distilled water for rinsing, and drying with compressed air. The cleaning process of the substrates was carried out right before the CdS deposition. For the chemical bath preparation, four aqueous solutions were prepared as follows: 200 mL of 0.50 M potassium hydroxide (KOH), 80 mL of 1.5 M ammonium nitrate (NH 4 NO 3 ), 80 mL of 0.025 M cadmium chloride (CdCl 2 ), and 80 mL of 0.20 M thiourea (CS(NH 2 ) 2 ). Distilled water was used to dissolve all the reagents. The chemical bath, with a final volume of 440 mL, was prepared by mixing the mentioned solutions. Five substrates were vertically placed in Teflon substrate holders and immersed within the chemical bath. During the magnetic stirring, the bath was heated using a hot plate until reaching 80 ∘ C, which was the temperature selected for the deposition process [45] . When the solution with the potassium hydroxide, cadmium chloride, and ammonium nitrate reaches 80 ∘ C, the thiourea was added as a final step, initiating the process of CdS formation. Once the thiourea was added to the solution, the chemical bath changed its coloration from transparent to a yellowish tone, indicating the formation of the CdS. The yellowish coloration reflects the optical property of the material and resembles the correspondent wavelength (512 nm) of the CdS energy band gap (2.42 eV). The growth of CdS by CBD is given by the decomposition of the thiourea (CS(NH 2 ) 2 ) in presence of a cadmium salt in a basic solution with ammonia as complexing agent. The importance of the formation of the tetra-amino-cadmium complex ions,
2+ , is determinant for the liberation of the Cd
2+
ions and a further recombination with S 2− ions to produce CdS [46] . The chemical process for the formation of the CdS can be described through the following chemical reactions [46] :
In the CBD technique, deposition of the CdS (metal-chalcogenide) occurs in the surface of the substrates immersed in aqueous solution containing both the metal and the chalcogenide ions. The deposition occurs when the ionic product of the metallic and chalcogenide ions exceeds the solubility product Ksp (for CdS at 25 ∘ C, Ksp = 10 −28 ) [47] . The ions are chemically attached in the aqueous medium and precipitate onto the surface of the substrate producing the metalchalcogenide film. For the formation of the CdS, OrtegaBorges and Lincot [48] proposed an atom-by-atom growth mechanism in an ammonia-thiourea system through the decomposition of adsorbed thiourea molecules due to the formation of an intermediate complex with cadmium hydroxide. In another report, Doña and Herrero proposed a modification of the mechanism of CdS growth through the kinetic study of another intermediate species, the hydroxy-amino complexes [49] . Through the study of the CdS microstructure, films can grow by heterogeneous and/or homogenous precipitation. The CdS deposition in the chemical bath takes place onto the surface of the substrates and at the inner reactor walls (heterogeneous reaction) as well as in the chemical bath (homogeneous reaction). The homogeneous reaction is not desirable due to the formation of colloids, which precipitate as powders and promote the formation of films with low adherence [48] . The substrates were finally taken out after 60 minutes. The CdS/composite samples were rinsed with distilled water and the deposited CdS of one surface of the substrate was removed using isopropyl alcohol. As a final step, the thickness of the CdS films was measured by a highresolution profilometer (Dektak 8) through a step on the corner of the substrate where the material was carefully removed using isopropyl alcohol. CdS thin films with an average thickness of 475 nm were obtained from the CBD technique.
Characterization of CdS Thin Films
Optical Properties. It is well known that CdS is a semiconductor with a direct energy band gap ( ). The absorption coefficient ( ) obeys the equation [50]
where is constant, ℎ is the Planck constant, and ] is the light frequency. value of the CdS film was estimated from the straight line fitted at the absorption edge of the ( ℎ]) 2 versus ℎ] plot by extrapolating the linear portion of the graph of the energy axis at = 0. Spectrophotometry UV-Vis (Thermo Scientific Evolution 300) was used to evaluate the absorption spectrum of the CdS films in the wavelength range 300-650 nm and value of the films was estimated. Although the MWCNT/PSF composites were fabricated following the same procedure and the morphology of all the samples was similar, it would not be correct to use a single MWCNT/PSF substrate as the one reference (to be subtracted) for the spectrophotometer during all the optical characterization. Thus, in order to adequately capture the optical properties of the CdS films, MWCNT/PSF substrates were labeled and the absorption spectrum of each one was individually measured and registered before the CdS deposition. Once the CdS was deposited by CBD, the absorption spectra of the system CdS/substrate were registered and the absorption spectrum of the corresponding labeled substrate was subtracted as a final step, therefore eliminating the optical contribution of the composite substrate for each individual sample.
Morphology. The morphology of the CdS films was
analyzed by AFM and SEM. AFM images of 1 m × 1 m (SPM AMBIOS Universal) were obtained from the surface of the CdS films and the average grain size and rms roughness were estimated. The rms roughness was calculated using the WSxM software of "Nanotec Electronica" Company [51] . To calculate the mean grain size, a home-built algorithm implemented in the software "Mathematica" was used. The algorithm transforms the digital image of local heights into a continuous function which represents a "mathematical mold" (a contour map) of the film surface. The lateral grain size is defined as the larger distance between the intersections of the contour map (grain boundaries) and the average grain size of the image is estimated using a maximum and minimum criterion. A detailed explanation of the algorithm can be found elsewhere [52, 53] . Additionally, SEM images (JEOL JSM-6010LA) were obtained from the samples.
Crystalline Structure.
To investigate the crystalline structure and preferential orientation of the CdS films, X-ray diffraction (XRD) profiles were obtained from the samples by two different configurations, the grazing incident angle configuration (Siemens D5000) and the Bragg-Brentano configuration (Bruker D8 Advance).
Results and Discussion
Electrical Conductivity of the MWCNT/PSF Substrates.
The DC electrical conductivity ( ) of the MWCNT/PSF samples (>20) obtained from different batches was estimated by measuring the electrical resistance of the samples and using (1). The average value was measured as 7.44 × 10 −2 S/m, being such a conductivity value 13 orders of magnitude higher than the conductivity of the pure PSF (∼10 −15 S/m). The increase of in the direction of the MWCNT alignment can be correlated to the formation of interconnected conducting paths spanning the electrodes. As a consequence, the electrons can easily travel through the conducting paths and the electrical conductivity increases in such a direction. In previous reports by our group, the application of electric fields to fabricate aligned MWCNT/PSF composites (technique here used) and the correlation between the morphologies observed at different length scales, from macro-to nanoscale, have been reported and the electrical properties of the composites have been explored [41, 54] . From these reports, the electric field alignment of MWCNTs can be appreciated at the macroscale by optical images [41, 54] , at the microscale by SEM images of aligned MWCNT bundles [54] , and at the nanoscale, where the alignment of individual MWCNTs was appreciated by TEM images [41] . The results observed here are thus in good agreement with such previous works that report that the orientation of the CNTs within the polymer significantly enhances the value of electrical conductivity [41, 54, 55] . Although the electrical conductivity of the MWCNT/polymer composite is still significantly lower than the conductivity of a metallic layer (∼10 4 S/m), the notorious increase of such a value due to the presence of the tailored MWCNTs represents an important result towards the fabrication of electrically enhanced polymer composites, and optimized procedures and strategies to reach higher electrical conductivities for composites are object of current investigation. 
Absorbance Spectrum and Energy Band Gap of the CdS Films.
The absorbance spectrum of the CdS films was obtained by UV-Vis spectrophotometry and was estimated using (7) . Figure 3(a) shows representative plots of the absorption spectra registered from the MWCNT/PSF substrate before the CdS deposition (dashed line) and from the system CdS/substrate (solid line). It can be observed that the intensity of the absorption spectrum of the substrate solely (without CdS film) is lower than the spectrum of the system CdS/substrate, thus allowing the optical characterization of the CdS film. The absorption of the spectrum (reference) was then subtracted from the spectrum of the whole CdS/substrate system and the resulting spectrum, correspondent to the CdS thin film, is shown in Figure 3(b) . It can be observed that a notorious decrease on the absorbance occurs in the wavelength range from 450 nm to 550 nm. Such a decreasing behavior within the mentioned wavelength range was consistently observed for all the CdS samples. A typical 2 versus energy (ℎ]) plot is shown in Figure 3 (c). The plot in Figure 3(c) was obtained from the data of the absorbance spectrum in Figure 3(b) and by means of (7), and of 2.32 eV was estimated (value of energy when the straight line crosses = 0). The solid line extrapolating the linear portion of the graph is presented for clarification purposes. Similar process for the optical characterization was applied to all the CdS/composite samples and the average 6 Advances in Materials Science and Engineering was calculated as 2.33 ± 0.04 eV. The average value of is very similar to reported for CdS thin films deposited onto glass at room temperature (2.31-2.34 eV) under similar experimental conditions [56, 57] . Faraj and Ibrahim carried out a comparative study of CdS deposited by thermal evaporation onto a polymeric substrate (polyethylene terephthalate, PET) and onto glass [4] . They found that of CdS deposited onto PET was slightly lower (2.41 eV) than of the CdS deposited onto glass (2.43 eV). In another report, Lee evaluated the influence of the substrate (different polymers and glass) on the optical properties of CdS films deposited by CBD [32] . He found that the energy band gaps of the samples deposited onto polycarbonate and PET substrates were 2.32 and 2.31 eV, respectively, and such a value increased to 2.37 for the CdS deposited onto glass. Author also suggested that the deviation of values from the standard bulk value (2.42 eV) can be explained on the basis on the small grain size of the substrates, which could explain the lower average value of obtained in this investigation. Moon et al. reported a comparative study of the CdS film properties deposited onto different substrates by RF sputtering [34] . Authors reported that values of CdS films deposited onto polycarbonate and PET were not consistent with of the CdS deposited onto glass and suggest that such an inconsistency may be associated with the optical properties of the polymer substrates, which partly absorb the light in the high energy range of the visible spectrum. The results obtained here show that the selection of MWCNT/PSF polymeric substrate with a low concentration of MWCNTs does not importantly affect the optical properties of the deposited CdS thin films as compared to the CdS films deposited onto glass.
Morphology of CdS Films.
The rms roughness of the polymeric substrate and the mean grain size and rms roughness of the CdS films were estimated from AFM images by means of the procedure previously described. Figure 4 (a) shows a two-dimensional micrograph of a scanned region of 1 m × 1 m of the MWCNT/PSF polymeric substrate. As can be appreciated, the roughness is very low and a mean rms roughness value of 0.285 nm is estimated, being this value in the order of the values typically observed on glass substrates (∼0.35 nm) [58] . Figure 4 (b) presents a two-dimensional micrograph of a scanned region of 1 m × 1 m where the grains and their boundaries can be appreciated. A markedly different morphology with respect to the morphology of the substrate in Figure 4 (a) is observed in Figure 4 (b), due to the formation of the CdS thin film.
As previously mentioned, a home-built algorithm implemented in the commercial software "Mathematica" was used to calculate the average grain size of the sample. The algorithm uses the difference of intensities of the image to assign the grain limits and then to calculate the required parameters. Figure 4 (c) shows an example of the grain boundaries of the AFM micrograph in Figure 4(b) traced by the algorithm. The mean grain size and rms roughness of the CdS films deposited onto the polymeric substrate were calculated as 271 nm and 11 nm, respectively. For CdS film deposited onto a glass substrate by similar experimental conditions, the mean grain size and rms roughness were estimated as 269 nm and 21 nm, respectively [56] . SEM image of the CdS film is presented in Figure 5 . Some grains with size larger than the mean size can be appreciated but in general a uniform morphology of the surface can be observed, corresponding to the surface morphology observed by AFM on a smaller region; see Figure 4 (b). The uniform morphology of the surface can be correlated with a good formation and adhesion of the CdS thin film onto the polymeric substrate. These results confirm that the morphological characteristics of the CdS films are very similar to those of the CdS deposited onto glass, suggesting that the proposed polymeric composite represents a suitable option to be used as a substrate for CdS films.
3.4.
Crystalline Structure. XRD profiles of CdS films deposited onto MWCNT/PSF substrates in different experiments were obtained by the grazing incident angle and BraggBrentano configurations in order to evaluate the crystalline structure and preferential orientation of the CdS films and the reproducibility of the deposition process. The XRD profiles of the composite substrates solely (without CdS film) were also obtained from the two configurations. Figure 6 (a) shows a representative XRD profile obtained by the grazing angle configuration. The XRD spectra confirm the formation of CdS in a face-centered cubic (fcc) crystalline structure "Hawleyite" with (111) as the preferential orientation, as can be noticed from the presence of the main peak at 2 = 26.54
∘ . Secondary peaks of the cubic structure at 44.02 ∘ and 52.14 ∘ were also detected. A wide peak is observed around 2 = 18 ∘ which corresponds to the composition of the polymeric substrate. A peak at 29.4 ∘ (marked with " * " in Figure 6 (a)) was also noticed; such a peak corresponds to the "fixing putty" used to fix the sample to the sample-holder on the diffractometer. Figure 6 (b) shows a representative XRD profile by the BraggBrentano configuration. The main peak at 26.54 ∘ was again detected, confirming the cubic structure and preferential orientation of the CdS films. No peak was observed at 29.4 ∘ as no "fixing putty" was required for the Bragg-Brentano configuration. The observed CdS crystalline structure and preferential orientation are consistent with previous reports of CdS deposited onto glass [46, [56] [57] [58] [59] . Also, it has been reported that fcc structure is the most stable structure for CdS films obtained by means of low-temperature techniques (such as the CBD) while the hexagonal structure (Greenockite) is the most stable one for high-temperature techniques (e.g., sputtering or closed space sublimation) [29, 34, 60] .
Conclusions
CdS thin films were deposited by CBD onto flexible polymeric substrates. AC electric field was applied during the fabrication of the polymeric composite substrates to induce preferential alignment of the MWCNTs within the polymer during the fabrication process. After the solvent evaporation, solid MWCNT/polysulfone composites with MWCNTs aligned in the electric field direction were obtained, with an electrical conductivity 13 orders of magnitude higher than the conductivity of the pure polymer. CdS thin films Advances in Materials Science and Engineering were deposited onto the MWCNT/PSF substrates by CBD and the optical, morphological, and structural properties were evaluated. CdS thin films with an average thickness of 475 nm, good adherence, and transparency were successfully obtained by the proposed procedure. The average energy band gap was measured as 2.33 eV, a similar value to that of the CdS deposited onto glass. The mean grain size (271 nm) and rms roughness (11 nm) were found to be very similar to the values reported for CdS deposited onto glass by similar experimental conditions. XRD patterns measured by two different configurations confirm the formation of CdS in Hawleyite (fcc) crystalline structure with (111) as preferential orientation, which is in agreement with the most stable structure for CdS grown by low-temperature techniques, such as the CBD. From the observed results it can be concluded that the electrically enhanced MWCNT/PSF flexible composites are suitable substrates for the deposition of CdS by CBD, representing an important step towards the development of more versatile and functional materials for photovoltaic applications.
